The yielding behavior of two model electrorheological suspensions of uncoated silica particles and silica coated with polyaniline base in silicone oil using controlled shear rate and controlled shear stress experiments has been analyzed. The results demonstrate that unlike the uncertain dynamic yield stress values estimated from the results obtained in the former mode by extrapolation of the unsteady shear stresses to zero shear rate, the controlled shear stress measurement permits to detect sensitively the region starting from the initial rupture of particle chain structure in the electric field at rest corresponding to a static yield stress t y and ending in total breakage of suspension structure at a breaking stress t b. . The latter quantity can be detected with a good accuracy and proved to be a reliable criterion of the stiffness of ER structure.
INTRODUCTION
Since the discovery of the electrorheological (ER) effect by Winslow [1] , many studies have been performed. A survey of the results can be found in the reviews [2 -6] . Electrorheological (ER) fluids are typically composed of solid electrically polarizable particles dispersed in a non-conducting medium of a low relative permittivity. In the absence of an applied electric field, these fluids are characterized by a monotonic Newtonian or shear thinning flow curve. When an external electric field of several kV mm -1 is applied to these systems, the polarized suspension particles orient in the electric-field direction and link chains or columns spanning the gap between electrodes. This change in the suspension structure significantly affects its rheological properties; viscosity increases and the stiffness of the structure may be so high that a yield stress appears.
The yielding properties have been analyzed from a micro-structural model [7] . It is assumed that the stiff ER chain structure exhibits elastic properties. The shear stress increases at shear strain loading and reaches a maximum as a static yield stress. It is obvious that the yield stress obtained by extrapolation from the controlled shear rate (CSR) results [8 -10] is dubious because at low shear rates usually flow instabilities caused by deformation, destruction and reformation of the chain-like or columnar structures occur [11 -19] .
In contrast the controlled shear stress (CSS) experiments could provide more reliable information about yielding the ER structure. Thus, in some studies [20 -26] it is mentioned the static yield stress of ER suspensions estimated as a minimum shear stress at which the flow starts. The description of the experiment, however, is lacking.
In this work using two model ER suspensions of uncoated silica particle and silica coated with polyaniline base in silicone oil a detailed analysis of the breaking mechanism from the results obtained in both modes is performed.
EXPERIMENTAL
Silica (Ultrasil VN3, Degussa-Hüls, Germany; average particle size d 50 = 15 mm) was coated with a polyaniline (PANI) overlayer during in-situ polymerization of aniline [27] . The coating of con- ducting PANI hydrochloride [28] was converted to a non-conducting PANI base in 1 M aqueous ammonia solution. The content of PANI in the coated silica was 10 wt. %.
The suspensions of 10 wt. % uncoated and PANI-coated silica particles in silicone oil (Dow Corning® 200 Fluid, Dow Corning, USA) were mechanically stirred before each measurement. Both components, silica particles and silicone oil, were dried under vacuo at 80°C for 8 h and then stored in a desiccator. The density and kinematic viscosity of the silicone oil were 0.964 g cm -3 and 100 cSt at 20°C, respectively.
Rheological properties were measured at 20°C under both, CSR and CSS modes, using a Paar Physica rotational rheometer UDS 200 (Physica, Germany) equipped with a temperature controlled Couette cell (Z4 DIN) and a highvoltage generator (HVG 5000). The rotating inner cylinder of 14 mm diameter and the outer cylinder were separated by a 0.59 mm gap and the electric-field strength E ranged from 0 to 2 kV mm -1 . The suspensions were placed in the Couette cell, where a DC voltage was applied for 3 min to generate the equilibrium chain-like or columnar structure of particles before shearing. Then, in CSR mode, the shear stress at the shear rates from 0.1 to 400 s -1 was gradually measured. After obtaining the flow curve corresponding to a given electric-field strength, the suspension was redispersed at high shear rate prior to characterization at a next electric-field value. In CSS mode the sample was stressed by an increased applied mechanical torque until the particle chain structure starts to be broken and the shear occurs. Figures 1a and 1b show the flow curves of suspensions of uncoated and coated particles, respectively. In the absence of electric field, the shear stresses at low shear rates in model suspension samples of uncoated particles exceed those with coated ones. This can be explained due to a high aggregation tendency of hydrophilic uncoated silica particles in the hydrophobic silicone-oil medium. After coating with PANI, the particles become more hydrophobic and the particle aggregation is reduced. In the presence of the electric field, higher shear stresses in the suspension of coated particles are a consequence of the presence of highly polarizable PANI layer. Two regions are characteristic of the flow curves at the electric-field application: the first at low shear rates, in which a more or less curly plateau is apparent and second at high shear rates, where nearly Newtonian behavior sets in. Starting from the low shear rates the transition from the former to the latter region is a consequence of gradual disintegration of organized particle structure in the electric field by shear forces, which implies that hydrodynamic forces dominate the electrostatic ones in this regime.
RESULTS AND DISCUSSION

CONTROLLED SHEAR RATE EXPERIMENTS
The curly plateau-like region displaying flow instabilities is obvious so that determination of the dynamic yield stress by extrapolation of the shear stress to zero shear rate is difficult.
CONTROLLED SHEAR STRESS EXPERIMENTS
The flow curves obtained in CSS mode (Figs. 2  and 3) show four different regions which, schematically sketched in Fig. 4 , may be described as follows: The region A represents a solidlike behavior of the suspension structure in the electric field, where a steep increase in shear stress sets in with negligible deformation and reaches a maximum value characteristic of a static yield stress, t y . In the region B, a slight deformation related to yielding of suspension structure associated with slower increase in shear rate occurs. This region is limited by a critical shear stress, t b (breaking stress), at which a complete rupture of the chain structure appears marking the onset of a plateau region C. Then a continuous rupture-reformation process of particle chains faster than in the region B starts accompanied by stress variations found in CSR mode at low shear rates.
The region C (a plateau region) in the flow curve corresponded to a jump in shear rate of several orders of magnitude. The shear forces dominate over electric ones and a complete destruction of the ER structure takes place. Consequently, in the region D, the flow becomes stable and the shear stress increases monotonically with the shear rate. Finally, the flow is nearly Newtonian regardless of the electric field or the control mode.
As sown in Figs. 2 and 3 , the accuracy in estimation of the static yield stress is not too high. In contrast the reliability of breaking-stress determination as a shear-stress value obtained in this mode just before a steep increase in shear rate (flow curve discontinuity) proved to be very good. The linear plots of t b vs. E 2 for both suspensions of uncoated and coated sample ( Fig. 5 ) confirms breaking stress as a criterion behaving in fully agreement with polarization theory [29] .
CONCLUSION
The results demonstrate that in contrast to CSR experiments often used in ER studies, CSS mode provides more reliable way of evaluation of yielding properties of ER suspensions. Thus, the best and most accurate criterion of the original stiffness of suspension particle arrangement in the electric field proved to be the breaking stress at which the quasi-stiff structure is just completely destroyed by shear forces and the flow starts. 
